In this paper, we discuss the concept of a mobile data collection system for infrastructure field tasks based on location-based computing that allows inspectors using mobile or wearable computers to interact with georeferenced 3D infrastructure models and to automatically retrieve the necessary information in real time based on their location, orientation, and specific tasks. We discuss the requirements of this system and propose an interaction framework based on the Model-View-Controller software development model. We also developed and tested a preliminary prototype system to demonstrate the potential and explore the limitations of this framework.
Introduction
Inspection and maintenance activities applied to infrastructure systems are expensive and time consuming. The type and amount of data to be collected during inspection vary according to the specific approach adopted by an infrastructure management agency. Field engineers and technicians working on infrastructure projects need to determine and verify the location of structures and structural elements in order to collect the necessary data. They usually use maps, engineering drawings, databases, and other technical documents for this purpose (Bridge, 1995) . In a typical scenario, a bridge inspector who is inspecting a reinforced concrete pier needs to know the number of the pier at which he or she is looking. The inspector may also want to look at the maintenance history of this pier and retrieve the location of cracks that have been found in previous inspections. The inspector also has to take notes about the locations and directions of any new cracks by drawing sketches, taking pictures, and writing a description of the problem. With the increasing availability of commercial mobile and wearable computers, some of the aforementioned data can be collected and retrieved on site using specialized data collection systems. One early example of such a system is that developed by the University of Central Florida for the Florida Department of Transportation (FDOT) (Kuo et al., 1994) . A more recent Personal Digital Assistant (PDA) based field data collection system for bridge inspection is Inspection On Hand (IOH) (Trilon, 2003) . Using mobile and wearable computers in the field under severe working and environmental conditions requires new types of interaction that increase the efficiency and safety of field workers. Research on systems aiming to provide information related to infrastructure, at different stages of their life cycle, to mobile workers has been undertaken. For example, Liu (2000) discussed the usage of hand-held multimedia documentation for tunnel inspections. Garrett et al. (1998 Garrett et al. ( , 2002 discussed the issues in delivering mobile and wearable computer-aided inspection systems for field users. Sunkpho et al. (2002) developed the Mobile Inspection Assistant (MIA) that runs on a wearable computer and delivers a voice recognition-based user interface.
Mobility is a basic characteristic of field tasks. In the above bridge inspection scenario, the inspector has to move most of the time in order to do the job at hand. The inspector walks over, under or around the bridge, or in some cases climbs the bridge. Knowing the location of the inspector with respect to the inspected elements can greatly facilitate the task of data collection by automatically identifying the elements and potentially specifying the locations of defects on these elements. Location-Based Computing (LBC) is an emerging discipline focused on integrating geoinformatics, telecommunications, and mobile computing technologies. LBC utilizes geoinformatics technologies, such as Geographic Information Systems (GISs) and the Global Positioning System (GPS) in a distributed real-time mobile computing environment. In LBC, elements and events involved in a specific task are registered according to their locations in a spatial database, and the activities supported by the mobile and wearable computers are aware of these locations using suitable positioning devices. For example, an inspection system based on LBC would allow the bridge inspector in the above scenario to accurately locate the cracks on a predefined 3D model of the bridge in real time without the need for any post-processing of the data.
In this paper, we present and discuss the concept of a mobile data collection system for engineering field tasks based on LBC that we call LBC for Infrastructure field tasks or LBC-Infra. In the subsequent sections, we first present the LBC-Infra concept. Then, we discuss the requirements of LBC-Infra and propose an interaction framework based on the Model-View-Controller (MVC) software development model. We also demonstrate the potential and limitations of the framework through developing a prototype system and testing it in a case study.
LBC-Infra concept
The concept of LBC-Infra is to integrate spatial databases, mobile computing, tracking technologies and wireless communications in a computer system that allows infrastructure field workers using mobile and wearable computers to interact with georeferenced spatial models of the infrastructure and to automatically retrieve the necessary information in real time based on their location, orientation, and specific task context. Using LBC-Infra, it is intended that field workers will be able to access and update information related to their tasks in the field with minimal effort spent interacting with the system. In addition, the wirelessly distributed nature of LBC will allow field workers to share the collected information and communicate with each other and with personnel at a remote site (office). This feature is of a great value especially in emergency cases. Figure 1 shows the LBC-Infra concept. In this figure, a bridge inspector, equipped with a wearable computer, is inspecting a large highway bridge searching for damage, such as cracks. The inspector is equipped with a mobile or wearable computer that has a wireless communications card and is connected to tracking devices. Based on the location and orientation of the inspector and the task to be achieved, the system may display information about the parts of interest within his or her focus (e.g., the number of a pier or the date when it was previously inspected) or navigation arrows to the locations where cracks are most likely to be found or the locations found in previous inspections. The inspector compares the changes in conditions by wirelessly accessing and viewing any of the previous inspection reports stored in the office database using spatial queries based on his location and orientation. The spatial database of the bridge and the surrounding environment, and the tracking devices attached to the inspector, make it possible to locate structural elements and detected problems and provide navigation guidance to these objects. In addition, all newly collected information is tagged in space. For example, using a pointing device equipped with a laser range finder, the inspector can point at the location of cracks on the bridge. The exact location can be calculated based on the location and direction of the pointer, the distance to the crack, and the geographically registered 3D model of the bridge.
The inspector is providing input directly into the database with an inspection report being automatically generated as he or she performs different aspects of the inspection. In addition, the system presents the inspectors with a detailed, context-specific description of the procedure to follow in assessing damage once it has been discovered. Information presentation and collection occur proactively and "just-in-time" without incurring any time penalty due to searching for information or following a complicated data input procedure.
General Issues Related to LBC-Infra
The following issues must be addressed for the successful deployment of LBC-Infra. (1) Availability: Positioning and wireless communications systems, such as GPS and WLANs, may not be available in some situations. (2) Reliability: Even when position information is available, the accuracy of this information and the data in the spatial database affect the reliability of LBC-Infra. The reliability is also affected by the quality of wireless communications. (3) Data storage: The data volume of infrastructure-related 3D GIS/CAD databases is typically very extensive. The storage capacity of most of today's mobile and wearable computers is in most cases insufficient for storing these large databases required for field tasks. (4) Real time processing: Spatial analysis using 3D GIS/CAD databases is computationally intensive. In LBC-Infra, the real time requirement is measured by the end-to-end system delay, which is the total time for tracking, spatial analysis, communications, scene generation and display. An end-to-end delay of 100 ms is typical in existing augmented reality systems, which results in angular error of 5 degrees considering a head rotation speed of 50 degrees per sec. However, the angular accuracy that the human eye can detect is less than one minute (Azuma, 1997) . This registration error causes visual conflicts that may not be acceptable. (5) Wireless communications throughput and range: In order to have efficient communications, the type of the deployed wireless technology should provide the necessary throughput and range for the specific system architecture. (6) Interoperability: LBC-Infra should be able to access heterogeneous data formats from different remote servers, and process and display the results on heterogeneous platforms, e.g., PDAs, wearable computers, etc. (7) Scalability: When covering a wide geographical area, the volume of the spatial data of that area may become too large to be managed at a central server. In this case, the data should be distributed over several servers and dynamically partitioned based on the location of the field worker in order to answer a spatial query from the field. Also, the design of LBC-Infra should allow for increasing the number of field workers using the system without degrading the performance of the system. (8) Usability: The usability of LBC-Infra is critical for its success and acceptance by field workers because of the small displays, limited input/output devices, and weight, energy and safety requirements.
It should be noted that most of the above issues have strong dependency on the advancement in the technological components of LBC-Infra including spatial databases, mobile and wearable computers, tracking technologies, and wireless communications. Fortunately, these technologies have been progressing rapidly in the last few years, while becoming more available and less costly.
Framework of LBC-Infra
Because the LBC-Infra concept integrates several evolving technologies, its implementation should follow an open and extensible framework so that the application development can adapt to new requirements and new technologies while reducing the time and cost of the development. A framework is an abstract design that describes the interaction between objects to provide a skeleton of applications in a particular domain (Fayad et al., 1999) . The Model-View-Controller (MVC) software development model (Potel, 1996) has been selected as the basic framework of LBC-Infra because of its simplicity and flexibility in manipulating complex and dynamic data structures requiring diverse representations. The MVC model has three main high-level objects: Model, View, and Controller. The Model represents the data underlying the application that are accessible only through the View object. The Model of LBC-Infra has three basic databases for managing the spatial data (e.g., the axial end coordinates of the members of a steel bridge), data about the attributes of the infrastructure (e.g., inspection data), and data about field tasks (e.g., information about inspection tasks, their order, and devices and methods used for performing them). The View object accesses the data from the Model database and specifies how these data are presented to the user, e.g., the information about the members of a bridge can be used to create the 3D representation of the bridge. The Controller determines how user interactions with the View, in the form of events, cause the data in the Model to change. The Model closes the loop by notifying the View to update itself so that it reflects the changes that occurred in the data. Using the MVC model, new methods of interaction can easily be introduced to the system by developing new View objects.
Using the MVC model in distributed client-server applications involves deciding which parts of the model are implemented, in whole or in part, on the client or the server (Potel, 1996) . The Model represents a typical server-side functionality while the View represents a typical client-side functionality. The Controller can be partitioned between the client and the server; most of the processing could be on the client side in a fat client or on the server side with only a simple GUI application on a thin client. In addition to the Model, View and Controller, LBC-Infra has a Tracker object that handles location-related functionalities as explained in the following paragraph. Figure 2 shows the relationship between the high-level objects of LBC-Infra using a Unified Modeling Language (UML) collaboration diagram, where objects interact with each other by sending messages (UML, 2003) . The numbers in the diagram refer to the order of execution of the messages. Messages that are not numbered are threads that are executed at the beginning of the application and run continuously and concurrently with other messages, or they are event-driven messages that may occur at any time.
A Field Worker starts interacting with the system by sending a message (start application) to the Controller (message 1). As part of the initialization of the system, the View accesses the databases of the Model that reside on a remote server to retrieve the information necessary to create its contents (message 2) before it updates itself (message 3). Once the application is initialized, the Tracker starts continuously reading the location and orientation measurements of the Field Worker from the tracking devices and updating the Controller about the current coordinates of the Field Worker. The Controller retrieves the information about the next task to be performed from the Task Database that contains a plan defining the tasks (message 4). However, the Field Worker has the freedom to confirm this selection or override it by selecting another task if necessary (message 5). Based on the changing coordinates of the Field Worker, the Controller updates the viewpoint of the View, filters the contents of the selection menus, and updates the navigation information towards the best location and orientation to perform the present task. These updating and filtering steps insure that the presented information coincides with what the Field Worker can see in the real scene. The navigation is performed by presenting visual or audible guidance. As the Field Worker follows the navigation guidance towards the new location, the Controller provides him or her with information about the task (message 6). Another function of the Controller is to capture spatial events, such as the proximity to an element of interest. This flexibility allows switching the order of the tasks when adequate to inspect an element planned for inspection in a subsequent task. As in message 5 above, the Field Worker can accept or reject this change in the task order.
Once the Field Worker is at the right position and orientation to perform the task at hand, the Controller presents him or her with previously collected information (if available) that may help in performing the present task (message 7). At this point, the Field Worker performs the task, e.g., collecting inspection data visually of using some devices (message 8). He or she can input the collected data by interacting with the View, e.g., by clicking on an element displayed within the View for which data have to be updated. The input events are captured by the View (message 9), and used by the Controller to update the data in the Model (message 10). Finally, the changes in the databases are channeled to the View by distributed notification (message 11) so that the View can update itself (message 12). Client-server communications can happen whenever needed depending on the nature of the client (thin or fat).
Prototype System and Case Study
In order to demonstrate the potential of LBC-Infra in infrastructure projects, a prototype system of LBC-Infra following the framework discussed above was developed and tested in a case study. The prototype system allows for location-aware direct manipulation of 3D GIS/CAD, but is not a full implementation of the envisioned augmented reality based system. In the case study, one of the authors simulating the action of a bridge inspector, walked around and above bridges and inspected their different elements visually. The Birmingham Bridge, erected in 1976 over the Monongahela River in Pittsburgh, Pennsylvania, was used in the case study.
The prototype system has the three databases of the Model object, i.e., spatial database, attribute database including inspection data, and inspection tasks database. The spatial database includes the map of the rivers and major roads of the area around the bridge in addition to the 3D data of the members of the bridge. A detailed 3D model of the Birmingham Bridge was created and georeferenced based on the drawings of the bridge. The Virtual Reality Modeling Language (VRML) (VRML, 1997) was used for modeling and visualizing in the View object. VRML was selected as the 3D spatial modeling tool because of its powerful features in representing virtual environments and because it is supported by many CAD and graphics packages. VRML uses the concept of nodes to represent graphical objects. In addition to the basic nodes of VRML, two of its extensions were used to facilitate the development of the prototype system, namely, GeoVRML (1997) and the steel element prototypes developed at the National Institute of Standard and Technology (NIST, 2003) . GeoVRML enables the representation of geo-referenced data in standard coordinate systems, such as the Universal Transverse Mercator (UTM) grid, while the steel element prototypes provides a simple way to specify different types of beams with only the beam dimensions and position. The inspection tasks database was partially implemented based on the information provided in The Bridge Inspector 's Training Manual (1995) . Examples of the inspection tasks in this manual are the tasks to investigate the arch ribs for signs of buckling, corrosion, and general deterioration.
The Java language was used for the implementation of the Controller. The VRML External Authoring Interface (a Java API) was used to control the VRML browser and its contents through an applet. In the mobile client, a Java application reads the tracking data from the tracking devices and sends it to an applet that runs within the Web page containing the VRML file. The applet uses these data to control the location and orientation of the viewpoint so that the displayed scene matches the real scene in front of the user. The applet is also responsible for handling the user-interface for adding or removing objects (e.g., navigation objects) and interacting with menus that control the task flow (e.g., changing attributes). Another function of the Java application is to facilitate the communication between the mobile client and a remote server hosting the databases.
The prototype system was developed and tested using a Sony notebook computer (Vaio, PCG-Z505CR/K) with Pentium III processor (750 MHz). The system was also partially tested using two wearable computers, a Xybernaut MA-IV with Intel Pentium III CPU (233 MHz), 128 MB RAM, and flat-panel all-light-readable display, and a Xybernaut Poma with Hitachi SuperH RISC CPU (128 MHz), 32 MB RAM, and Liquid Crystal on Silicon head-mounted display. A Trimble GeoExplorer 3 GPS receiver equipped with a magneto-resistive digital compass was used with a beacon for real-time DGPS correction. Although the software design is based on a client-server architecture, where the client and server are linked via a WLAN, because of the difficulty of establishing an access point at this stage of testing, both the client and the server reside on the same mobile notebook.
The purpose of this preliminary prototype system was to demonstrate the feasibility of the proposed concept and framework of LBC-Infra by testing the basic functionalities of the prototype system. A more formal usability study of the system is planned in the near future after more detailed functionalities are implemented. Figure 3 shows a snapshot of the user interface of the prototype system. At this stage, the prototype system successfully integrates the databases of the bridge model and inspection tasks and allows the user to interact with the 3D model to identify the elements of the bridge or to retrieve and update the related attributes in the database. User position and orientation are tracked and used to update the 3D view. In addition, a navigation function to a specific element of the bridge based on the location of the user was implemented by automatically inserting an arrow in the scene pointing at that element. Figure 3 shows an arrow pointing at a suspender cable on the bridge. Furthermore, the tracking information and all interactions with the system can be logged to record the activities of the inspector in the field. This will eventually allow the system to automatically generate a multimedia report of inspection activities and to replay the report in a way similar to replaying a digital movie.
In the partial testing of the prototype system on the wearable computers, the performance was too slow for the present implementation of the prototype as a fat client. On the other side, using the notebook computer for testing in the field presented several problems because of its large size and the difficulty of reading the display in the outdoors. Further investigation is needed to identify and test the optimal hardware architecture suitable for the prototype system.
Conclusions
In this paper, we discussed the technologies, requirements, and the framework for Location-Based Computing for Infrastructure field tasks (LBC-Infra). LBC-Infra is intended to facilitate the collection of inspection data by allowing field workers to interact with georeferenced infrastructure models and automatically retrieve the necessary information in real time based on their location, orientation and task context. The framework of LBC-Infra integrates mobile and wearable computers, 3D GIS/CAD databases, positioning technologies and wireless communications to provide field workers with the specific information they need in a proactive manner. We demonstrated the potential and limitations of the framework and one system architecture by partially developing a prototype system and testing it in a case study. The prototype, using location-aware direct manipulation of 3D GIS/CAD, demonstrated the basic functionalities of LBC-Infra, such as tracking, navigation, and interacting with the 3D model to identify elements of the bridge or to retrieve and update the related attributes in the database. Future work will focus on further development and testing of the prototype system, considering both hardware and software issues, and on investigating the usage of LBC-Infra as a base for collaborative environment for field workers. 
